Lipopolysaccharide (LPS) expressed by isolates of Pseudomonas aeruginosa from cystic fibrosis patients lacks the O-polysaccharide chain but the degree to which the rest of the molecule changes has not been determined. We analyzed, for the first time, the core structure of an LPS from a rough, cystic fibrosis isolate of P. aeruginosa. The products of mild acid hydrolysis and strong alkaline degradation of the LPS were studied by ESI MS, MALDI MS, and NMR spectroscopy. The following structure was determined for the highest-phosphorylated core-lipid A backbone oligosaccharide isolated after alkaline deacylation of the LPS:
Lipopolysaccharide (LPS) expressed by isolates of Pseudomonas aeruginosa from cystic fibrosis patients lacks the O-polysaccharide chain but the degree to which the rest of the molecule changes has not been determined. We analyzed, for the first time, the core structure of an LPS from a rough, cystic fibrosis isolate of P. aeruginosa. The products of mild acid hydrolysis and strong alkaline degradation of the LPS were studied by ESI MS, MALDI MS, and NMR spectroscopy. The following structure was determined for the highest-phosphorylated core-lipid A backbone oligosaccharide isolated after alkaline deacylation of the LPS:
where Kdo and Hep are 3-deoxy-D-manno-octulosonic acid and L-glycero-D-manno-heptose, respectively; all sugars are in the pyranose form and have the D configuration unless stated otherwise. The outer core region occurs as two isomeric glycoforms differing in the position of rhamnose (Rha). The inner core region carries four phosphorylation sites at two Hep residues, Hep I being predominantly bisphosphorylated and Hep II monophosphorylated. In the intact LPS, both Hep residues carry monophosphate and diphosphate groups in nonstoichiometric quantities, GalN is N-acylated by an L-alanyl group, Hep II is 7-O-carbamoylated, and the outer core region is nonstoichiometrically O-acetylated at four sites. Therefore, the switch to the LPSrough phenotype in cystic fibrosis isolates of P. aeruginosa is not accompanied by losses of core monosaccharide, phosphate or acyl components. The exact positions of the O-acetyl groups and the role of the previously undescribed O-acetylation in the LPS core of P. aeruginosa remain to be determined.
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A major change in the phenotype of Pseudomonas aeruginosa isolated from chronically infected cystic fibrosis patients is the emergence of a lipopolysaccharide (LPS) lacking the O-chain polysaccharide that renders the microorganism sensitive to the bactericidal effects of serum complement [1 -3] . As a complete or smooth LPS contributes to the organism's virulence in acute infection [4, 5] , it is curious that during chronic lung infection occurring primarily in cases of cystic fibrosis [6] , P. aeruginosa is able to survive and grow for years while producing a rough LPS [1 -3,7] . The specific molecular mechanisms for this change have not been fully elucidated, but evidence that the genetic mechanisms involve changes to genes in the O-antigen biosynthetic locus has been provided: complementation of this locus in trans in LPS rough cystic fibrosis isolates restores the incorporation of the O-chain polysaccharide onto the LPS and reverses the susceptibility to killing by serum complement [8] .
Although significant progress has been made in identifying genes involved in LPS synthesis in P. aeruginosa [8] [9] [10] [11] [12] , the genetic changes leading to stable acquisition of the LPS rough phenotype have not yet been correlated with the chemical changes that occur in the LPS of cystic fibrosis isolates. Core structures for P. aeruginosa serogroups O2, O3, O5 and O6 and derived mutant strains have been reported [13] [14] [15] [16] [17] [18] [19] [20] . The so-called inner core, composed of two residues of 3-deoxy-D-manno-octulosonic acid (Kdo), two residues of L-glycero-D-manno-heptose (Hep), and one O-carbamoyl group (Cm), with a residue of N-(L-alanyl)-or N-acetyl-D-galactosamine attached, is highly conserved in composition and structure and is essentially identical in all P. aeruginosa LPS studied to date. The inner core region is distinguished by a high degree of phosphorylation. The sugars making up the outer core are conserved in composition but not in linkages or ratios: up to four D-glucose (Glc) residues and one L-rhamnose (Rha) residue are present, and the glycosylation patterns differ among the known core structures. Recently, it has been reported that P. aeruginosa strain PAO1, a serogroup O5 strain, produces two different glycoforms of the LPS outer core [18] . In order to gain further insight into the chemical changes that occur in the LPS of P. aeruginosa strains isolated from cystic fibrosis patients, we determined the structure of the rough LPS from a cystic fibrosis clinical isolate, P. aeruginosa strain 2192, that has been used extensively in studies of virulence and vaccine development [7, 8, 21] .
M A T E R I A L S A N D M E T H O D S
Isolation of the lipopolysaccharide Cells of P. aeruginosa rough clinical isolate 2192 were grown in tryptic soy broth and, after recovery by centrifugation (17 000 g, 20 mins) followed by lyophilization, the cells were extracted three times (30 min each, at 20 8C) with a mixture of aqueous 90% phenol/chloroform/-light petroleum (2 : 5 : 8, v/v/v) [22] . After removal of solvents, the extracted LPS was precipitated from phenol with water, the precipitate was washed with aqueous 80% phenol and then with cold acetone (three times), and dialyzed against distilled water. The yield of LPS was 6.2% of the dried cell weight.
Full dephosphorylation of the LPS was performed with aqueous 48% HF (20 8C, 16 h), the reagent was flushed out in a stream of nitrogen, the residue dissolved in water and freeze-dried.
Mild acid degradation of the lipopolysaccharide and modifications of the core oligosaccharide LPS (440 mg) was dissolved in 0.1 M sodium acetate buffer pH 4.2 and heated for 2 h at 100 8C. The precipitate was removed by centrifugation (1200 g, 40 min), the supernatant fractionated by gel-permeation chromatography on a column (80 Â 2.5 cm) of Sephadex G-50 (PharmaciaUpjohn, Uppsala, Sweden) in pyridinium acetate buffer pH 4.5 (4 mL pyridine and 10 mL HOAc in 1 L water), and the eluate monitored using a Knauer differential refractometer. The resultant oligosaccharide material was further fractionated on a column (80 Â 1.5 cm) of TSK HW-40 in aqueous 1% HOAc to give a core oligosaccharide (OS, 29 mg).
To cleave pyrophosphate groups, OS was treated with aqueous 2% HOAc for 2 h at 100 8C, and the solution was freeze-dried to give OS AcOH . Full dephosphorylation of OS was performed with aqueous 48% HF as described above for the LPS. O-Deacetylation of OS was performed with aqueous 12% ammonia at 20 8C for 16 h, the solution was concentrated in vacuum and freeze-dried to give OS NH 4 OH .
Strong alkaline degradation of the lipopolysaccharide
Protocol A. LPS (200 mg) was treated with anhydrous hydrazine (4 mL) for 1 h at 37 8C, then 16 h at 20 8C, hydrazine was flushed out in a stream of air at 30-33 8C, the residue washed with cold acetone and dried in vacuum. The O-deacylated LPS was partially dephosphorylated with aqueous 48% HF (4 8C, 48 h), the solution was cooled, neutralized with cold aqueous 25% ammonia, centrifuged (7200 g, 10 min), the supernatant dialyzed against distilled water, treated with NaBH 4 (20 8C, 16 h), acidified with concentrated HOAc and dialyzed against dH 2 O. The O-deacylated and dephosphorylated LPS (115 mg) was dissolved in 4 M NaOH (7 mL), the solution was flushed with nitrogen for 1 h with stirring, heated at 100 8C for 16 h, cooled, acidified with concentrated HCl to pH 5, extracted twice with dichloromethane, and the aqueous solution desalted by gel chromatography on Sephadex G-50. The isolated product (53 mg) was N-acetylated as described previously [23] , O-deacetylated with aqueous 12% ammonia (20 8C, 16 h), and fractionated by HPAEC on a semipreparative CarboPac PA1 column (250 Â 9 mm) using a linear gradient of 0.02 -0.6 M sodium acetate for 70 min at 4 mL : min
21
. Four-milliliter fractions were collected and analyzed by HPAEC on a Dionex system (USA) with pulsed amperometric detection on an analytical CarboPac PA1 column (250 Â 4.6 mm) using the same eluant at 1 mL : min
. The major product (OS 2P ) and two minor products with retention times 34.6, 25.7, and 46.9 min, respectively, were isolated and desalted on a column (40 Â 2.5 cm) of Sephadex G-50 in pyridinium acetate buffer pH 4.5.
Protocol B. LPS (230 mg) was O-deacylated by hydrazinolysis, treated with 4 M NaOH and N-acetylated as in protocol A. The product (35 mg) was fractionated by HPAEC on the semipreparative CarboPac PA1 column (250 Â 9 mm) in a linear gradient of 0.2-0.6 M sodium acetate in 0.1 M sodium hydroxide for 30 min at 4 mL : min 21 to give fractions of oligosaccharide pentakisphosphates (OS 5P ) and hexakisphosphates (OS 6P ) with retention times 12 -14 and 19 min, respectively. Ten runs on the analytical CarboPac PA1 column (250 Â 4.6 mm) using the same eluant at 1 mL : min 21 allowed further fractionation of OS 5P to three fractions having retention times 12.1, 12.9, and 13.8 min
Composition analyses
Hydrolysis was performed with 2 M CF 3 CO 2 H (120 8C, 2 h), monosaccharides were conventionally converted into the alditol acetates and analyzed by GLC on a Hewlett-Packard HP 5890 Series II chromatograph equipped with a 30-m fused-silica SPB-5 column (Supelco) using a temperature gradient of 150 8C (3 min) ! 320 8C at 5 8C : min 21 . Amino components were identified after hydrolysis with 4 M HCl (100 8C, 4 h) by RP-HPLC using a Waters PICO-TAG system.
Mass spectrometry
MALDI-TOF MS was performed on a Bruker-Reflex II instrument in linear configuration in the negative ion mode at an acceleration voltage of 20 kV and delayed ion extraction. Laser-induced in-source fragmentation was initiated by using the laser irradiation at double the threshold value for ion formation. Samples were dissolved in distilled water at a concentration of 10 mg : mL 21 , and a 2-mL solution was mixed with 2 mL of 0.5 M 2,4,6-trihydroxyacetophenone (Sigma-Aldrich) in methanol as the matrix solution. Aliquots of 0.5 mL were deposited on a metallic sample holder and analyzed immediately after being dried in a stream of air.
ESI MS was run in the negative ion mode using a VG Quattro triple quadrupole mass spectrometer (Micromass) and aqueous 50% (v/v) acetonitrile containing aqueous 1 mM ammonia as the mobile phase at a flow rate of 10 mL : min
21
. Samples were dissolved in aqueous 50% acetonitrile at a concentration of <1 mg : mL 21 , and 10 mL injected via a syringe pump into the electrospray source. The negative ion broadband mode ESI mass spectra were also generated with capillary skimmer dissociation using a Bruker ApexII FT-ICR-MS instrument equipped with an Apollo electrospray ion source and a 7T actively shielded magnet. Samples were dissolved in a 30 : 30 : 0.1 (v/v/v) mixture of 2-propanol, water, and triethylamine at a concentration of <20 ng : mL
.
NMR spectroscopy
The NMR spectra were obtained on a Bruker DRX-500 spectrometer at 30 8C in 99.96% 
R E S U L T S
To determine the core-lipid A carbohydrate backbone structure, the LPS was partially dephosphorylated, O-deacylated by mild hydrazinolysis, N-deacylated by strong alkaline hydrolysis [24, 25] and N-acetylated. After fractionation using HPAEC, one major product (OS 2P ) and two minor products were isolated. All compounds contained typical sugar components of P. aeruginosa LPS core, namely, Glc, Rha, L-glycero-D-manno-heptose (Hep), and 2-amino-2-deoxygalactose (compare published data [15 -17] ), as well as 2-amino-2-deoxyglucose from lipid A backbone.
The negative ion mode ESI mass spectrum of OS 2P indicated the molecular mass 2244.0 Da, which corresponded to the compound RhaGlc 3 HexN 3 Hep 2 Kdo 2 Ac 3 P 2 (the calculated molecular mass is 2243.6 Da). Therefore, OS 2P is an oligosaccharide bisphosphate that includes both core and lipid A backbone GlcN disaccharide. The 1 H-NMR spectrum of OS 2P (Fig. 1 ) contained three signals for N-acetyl groups (singlets at d 2.03, 2.05, and 2.09, 3H each) and two signals for the methyl group (H6) of Rha (doublets at d 1.24 and 1.30 in the ratio < 1 : 2.5, 3H both). This finding suggested the occurrence of two isomeric forms of OS 2P , which were denoted as glycoforms 1 and 2.
To confirm this conclusion and to establish the full structure, the 1 H-NMR spectrum of OS 2P was assigned using 2D shift-correlated NMR experiments (COSY, TOCSY, NOESY, and H-detected 1 H, 13 C HMQC). The monosaccharide spin systems were assigned based on the coupling constant values and those for amino sugars by correlation of the protons at the carbons bearing nitrogen to the corresponding carbons. As expected, two series of signals for glycoforms 1 and 2 were present for most sugars in the outer core region, which consists of three Glc residues and one residue each of Rha and GalN (Table 1 ). In contrast, Hep, Kdo and GlcN in the inner core-lipid A backbone region gave only one series of signals each. Further analyses of the 2D NMR spectra of OS 2P were performed as described previously [26] . [17, 26] ). Sequence and linkage analyses were performed using a NOESY experiment, which revealed typical interresidue correlations between the anomeric and linkage protons. The positions of the phosphate groups in OS 2P were determined using an H-detected Fig. 2 .
Similar ESI MS and NMR spectroscopic studies showed that the minor products have the same carbohydrate structures as OS 2P , both occurring as glycoforms 1 and 2. The product eluted in HPAEC before OS 2P has also the same phosphorylation pattern as OS 2P and differs only in the lack of the N-acetyl group from GlcN II . The product eluted after OS 2P has the same N-acetylation pattern as OS 2P and differs only in the presence of an additional phosphate group at position 2 of Hep I .
To determine the other phosphorylation sites the intact LPS was subjected to the same alkaline treatment as described above for the partially dephosphorylated LPS. The negative mode ESI mass spectrum of the resulting mixture showed the presence of the major oligosaccharide pentakisphosphate(s) RhaGlc 3 HexN 3 Hep 2 Kdo 2 P 5 and a minor oligosaccharide hexakisphosphate(s) RhaGlc 3 Hex-N 3 Hep 2 Kdo 2 P 6 (the observed molecular masses were 2357.6 and 2437.6 Da, the calculated molecular masses are 2357.5 and 2437.5 Da, respectively). No lowerphosphorylated oligosaccharides were detected. The products were N-acetylated and fractionated by HPAEC to give the major product (OS 5P ) that could be partially separated to three fractions, and a minor product (OS 6P , one fraction). The negative ion mode MALDI-TOF mass spectrum of OS 6P (Fig. 3A) showed a strong peak for a pseudomolecular ion [M-H] -at m/z 2564 (the calculated molecular mass is 2563.5 Da) along with fragment ions due to the loss of phosphoric acid (m/z 2466) and Kdo (m/z 2344). Laserinduced in-source fragmentation (Fig. 3B ) gave rise to more fragment ions for OS 6P including those from the nonreducing end derived by the cleavage of the glycosidic Fig. 4 To study the acylation and phosphorylation pattern of the core, the LPS was delipidated at pH 4.2 to give a core OS and no O-chain polysaccharide. Composition analyses showed that OS contained Rha, Glc, and Hep in the ratios 1 : 3.4 : 0.3 (GLC detector responses), as well as 2-amino-2-deoxygalactose and alanine in the ratio 1.2 : 1 and trace amounts of ethanolamine and ethanolamine phosphate. After full dephosphorylation of OS, the content of heptose increased markedly (Rha/Glc/Hep 1 : 3.5 : 1.0, respectively). This was confirmed by the capillary skimmer dissociation ESI mass spectrum of OS, parts of which are shown in Fig. 4 . The molecular ion region (Fig. 4A) showed several peak clusters differing in the number of phosphate and acetate groups and in the presence of either normal Kdo or a Kdo anhydro form (aKdo) [28] . The major peak for a [M-H] -pseudomolecular ion at m/z 1792.4 corresponded to the compound RhaGlc 3 GalNHep 2 aKdoAcCmAlaP 3 where Cm stands for the carbamoyl group [27] (the calculated molecular mass 1793.3 Da). The molecular species with up to four major phosphate groups and up to four acetate groups were present, together with minor species containing five phosphate groups. The ESI mass spectrum also showed peaks for fragment ions due to cleavage of the linkage between the Hep residues, which was accompanied by partial cleavage of the carbamoyl group. The fragments from the reducing end (Y and Z) contained two or three phosphate groups and no acetyl groups (Fig. 4B) . The fragments from the nonreducing end (B and C) showed the same acetylation pattern as the whole molecule and contained one, two (both major) or three (minor) phosphate groups (Fig. 4C) .
Treatment of OS with aqueous ammonia completely removed O-acetyl groups but affected the carbamoyl group only insignificantly (Fig. 4) . The phosphorylation pattern of the product (OS NH 4 OH ) was not changed. In contrast, heating of OS with 2% acetic acid did not significantly influence the acetylation pattern but decreased the phosphorylation level (Fig. 4) . The reducing end fragments derived from the product (OS AcOH ) included one (minor) or two (major) phosphate groups, the fragments from the nonreducing end mainly one phosphate group, and the whole molecule up to three phosphate groups. This pattern resulted from the cleavage of mainly diphosphate groups, as confirmed by the 31 P-NMR spectrum of OS AcOH that showed disappearance of all signals for diphosphate groups and some signals for monophosphate groups. These data together showed that in OS both Hep I and Hep II carry diphosphate groups in nonstoichiometric amounts.
The 
D I S C U S S I O N
The P. aeruginosa strain studied was found to produce an LPS devoid of an O-chain polysaccharide that is a typical feature of cystic fibrosis isolates and results from a major change in the phenotype of P. aeruginosa from smooth to rough after colonization of airways in cystic fibrosis patients [1, 2] . The core of this LPS possesses several peculiar features. One is O-acetylation of the core oligosaccharide at multiple (at least four) sites. O-Acetylation of the LPS core has been reported for a number of bacteria, including Pseudomonas fluorescens [29] , but has not previously been found in any of the P. aeruginosa LPS core structures that have been analyzed. Unlike 7-O-carbamoylation of one of the heptose residues that was shown in this work to be stoichiometric, O-acetylation in P. aeruginosa LPS is nonstoichiometric. Up to four O-acetyl groups are located in the outer core region but, owing to a low degree of O-acetylation at each position, only one O-acetylation site, position 2 of the Rha residue, could be identified.
Interestingly, the other major change in cell surface structures that occurs in cystic fibrosis isolates is high-level production of the mucoid exopolysaccharide or alginate, a polymer of b1 !4-linked mannuronic and guluronic acid residues partially O-acetylated at the mannuronic acid residues. Recent work has shown that these O-acetyl groups are critical for bacterial resistance to host immune effectors as mutants unable to acetylate alginate are much more susceptible to phagocytic killing than are strains with high levels of alginate acetylation [30] . The O-acetyl groups on alginate prevent covalent binding of the opsonic fragments of complement components C3bi and C4b, which, through the exposure of an internal thiolester linkage upon activation, target free hydroxyl and amino groups for covalent attachment to microbial surfaces. O-Acetylation of the LPS core may also participate in limiting the susceptibility of cystic fibrosis isolates to complementmediated host immune clearance, potentially explaining at the molecular level why LPS rough isolates of P. aeruginosa are able to cause persistent infections in immunologically intact hosts.
The LPS of P. aeruginosa strain 2192 was found to have multiple phosphorylation sites. An unprecedentedly high content of phosphate in the LPS of P. aeruginosa has been reported [31] [32] [33] . The LPS may include up to 10 phosphate groups, most of which are located in the core region. Some phosphate may occur as di-and tri-phosphate residues [19, 32, 34] and be substituted with ethanolamine [34] [35] [36] . The LPS of P. aeruginosa 2192 studied in this work contained monophosphate and diphosphate groups, but no significant amounts of triphosphate groups or ethanolamine (data of 31 P-and 1 H-NMR spectroscopy). Like the O-acetyl groups, phosphates could also play a role in protecting the organism from the deleterious effects of host opsonins for phagocytosis.
Elucidation of the phosphorylation pattern of P. aeruginosa LPS is a complex problem, which has not yet been completely overcome. None of the phosphorylation sites in P. aeruginosa LPS were identified until 1994, when the location of two phosphate groups at positions 2 and 4 of Hep I was demonstrated [14] . Each of these groups is present in stoichiometric amounts, as confirmed by later studies of LPS from various P. aeruginosa strains [15, 17, 18, 20] and by this work. Published data on the location of the third phosphorylation site are contradictory and point to position 6 of either Hep I [17] or Hep II [20] . Although the discrepancy may result from a difference between the strains studied, phosphorylation of Hep II is more likely as the release of a 7-O-carbamoyl derivative of Hep II is significantly increased after dephosphorylation [27] . In the present work, phosphorylation of Hep II and the absence of the third phosphorylation site from Hep I were unambiguously demonstrated by MALDI MS and NMR spectroscopic data. Neither the outer core region nor the Kdo residues in the LPS of P. aeruginosa are phosphorylated.
In P. aeruginosa 2192, the major phosphorylation sites were found to be positions 2 and 4 of Hep I and positions 4 and 6 of Hep II , phosphorylation at each of the Hep II sites being incomplete. ESI MS and MALDI MS data suggested an additional phosphorylation site, namely, position 2 of Hep II , but this could not be confirmed by NMR spectroscopic analysis because of too low a content of the compounds with a phosphate group at this position. Both Hep I and Hep II carry both monophosphate and diphosphate groups but their exact distribution remains unknown. In the core OS studied, the diphosphate groups are present in nonstoichiometric quantities; however, this might not be a natural phenomenon but a result of partial dephosphorylation in the course of mild acid delipidation of the LPS.
Another feature of the P. aeruginosa LPS studied is the occurrence of the outer core region as two glycoforms, 1 and 2, which differ in the site of attachment of the Rha residue (Figs 2 and 5 ). The occurrence of glycoform 2 was reported previously in the smooth and SR-type LPS of P. aeruginosa O5 strains as the structure to which the O-chain polysaccharide or one O-chain repeating unit is attached [18] , whereas R-type LPS that is present in the same strains was found to contain glycoform 1 outer core with one additional b-Glc residue (Glc IV ) attached at position 2 of the Rha residue [17] . Based on these findings, it was suggested that the attachment of the O-antigen to the outer core follows a translocation of the Rha residue. However, the presence of glycoforms 1 and 2 in the LPS of P. aeruginosa rough strain 2192 indicated that they are both synthesized whether the strain is O-antigen-deficient or not. An additional important finding is that the cystic fibrosis rough isolate of P. aeruginosa synthesizes the glycoform needed for attachment of the O-chain polysaccharide. Note that glycoform 1 structure in strain 2192 LPS is the same as in the R-type LPS of P. aeruginosa serogroup O5 strains [17] , but lacking Glc IV . The data together show that the changes in the core structure of the LPS from the cystic fibrosis isolate of P. aeruginosa is not due to any major deviation from other P. aeruginosa LPS cores. This finding was surprising in the context of another aspect of the biology of this molecule: that as a ligand for epithelial cell internalization mediated by cystic fibrosis transmembrane regulator (CFTR). It has been proposed that CFTR-mediated uptake of P. aeruginosa is a key component of host innate immunity to this pathogen [21, 37] ; lack of functional CFTR protein in the bronchial epithelial cells of cystic fibrosis patients contributes to their hypersusceptibility to infection. It was initially found [21] that cystic fibrosis isolates of P. aeruginosa were poorly internalized by cells with intact CFTR, and this uptake was increased in clinical cystic fibrosis isolates complemented back to a LPS smooth, complement resistant phenotype by a clone containing the biosynthetic locus for LPS oligosaccharides. LPS isolated from defined mutants lacking O-chain polysaccharide but with a complete core could inhibit the P. aeruginosa-CFTR interaction, while LPS from mutants making only an incomplete core failed to inhibit this interaction. These results together contributed to the conclusion that the complete core oligosaccharide of P. aeruginosa LPS is the bacterial ligand for CFTR. The studies here showed that the differences in the LPS core oligosaccharide of strain 2192 and that of typical LPSsmooth P. aeruginosa strains are subtle. Further studies should show whether O-acetylation could be the chemical basis for the lack of interaction of the LPS from the cystic fibrosis isolate with CFTR.
